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'InsJtCtLLte don CompLLtetr. AppLica;tians in Science and E n g i n e h n g  

ABSTRACT 

A s imple method, r equ i r ing  the work of a s i n g l e  SCF i t e r a t i o n ,  is  

presented  f o r  t he  cons t ruc t ion  of Modified V i r t u a l  O r b i t a l s  (MVO's). 

Test c a l c u l a t i o n s  on H20, A r  and two states of CH2 show t h a t  f o r  t h e  

t r u n c a t i o n  of o r b i t a l s  at the  C I  level, t h e  NO'S are f a r  more e f f i c i e n t  

t han  canonica l  SCF v i r t u a l  o r b i t a l s  o r  such r e l a t e d  SCF v i r t u a l s  as 

improved v i r t u a l  o r b i t a l s  (IVO's) and f o r  some cases approach t h e  

e f f i c i e n c y  of n a t u r a l  o r b i t a l s .  

con f igu ra t ion  s e l e c t i o n  based on energy con t r ibu t ions .  The C I  wave- 

func t ion  i s  observed t o  be more compact wi th  MVO's, al lowing b e t t e r  

i n t e r p r e t a t i o n  of t h e  r e s u l t s .  

MVO's are shown t o  be s u i t a b l e  f o r  

This r e p o r t  was prepared as a r e s u l t  of work performed under 
NASA Contract  No. NAS1-14101 and NAS1-14472 whi le  t h e  au thor  w a s  i n  
r e s idence  a t  ICASE, NASA Langley Research Center ,  Hampton, VA 23665. 



I n  t roduct  ion 

I d e a l l y  one would l i k e  t h e  C I  expansion t o  be independent of 

t h e  choice of o r b i t a l s ;  however, f o r  a l l  bu t  t h e  smallest problems 

t h i s  is imprac t i ca l  ( f o r  a general  d i sucss ion  of C I ,  see r e f .  1 . ) .  

Over t h e  last several yea r s  experience has  l e a d  t o  a few p r a c t i c a l  and 

r e l i a b l e  schemes f o r  performing C I  c a l c u l a t i o n :  

double e x c i t a t i o n s  from a l l  important r e fe rence  conf igu ra t ions  and t h e  

f i r s t  o rde r  wavefunction ( t h e  POL-CI being e s s e n t i a l l y  t h e  same). 

However t h e  s i z e  of t h e  C I  expansion grows s o  r a p i d l y  wi th  t h e  inc rease  

t h e  a l l  s i n g l e  and 

i n  problem s i z e ,  t h a t  f o r  l a r g e  systems f u r t h e r  approximations must be 

made. The most common approximations are t h e  t r u n c a t i o n  of v i r t u a l  

o r b i t a l s  o r  conf igu ra t ion  se l ec t ion  based on energy con t r ibu t ions .  

S h a v i t t  and co-workers2 compared t h e  e f f i c i e n c y  of va r ious  one p a r t i c l e  

b a s i s  sets f o r  o r b i t a l  t runca t ion  and conf igu ra t ion  s e l e c t i o n  based on 

energy con t r ibu t ions .  They found t h a t  t h e  o r b i t a l s  could be grouped 

i n t o  two classes, n a t u r a l  o r b i t a l s  (NO's), and SCF and r e l a t e d  o r b i t a l s ,  

where N O ' s  were much more e f f i c i e n t  than t h e  SCF and SCF r e l a t e d  o r b i t a l s .  

Unfortunately t h e  a d d i t i o n a l  work needed t o  compute the  NO's (o r  pseudo 

NO's) outweigh t h e  e f f i c i e n c y  of a more compact C I  expansion, and i t  is  

very  common t o  t r u n c a t e  SCF vir tual  o r b i t a l s  o r  select conf igu ra t ions  

based on energy con t r ibu t ions  computed wi th  SCF o r b i t a l s .  

I n  a d d i t i o n  t o  providing an e f f i c i e n t  b a s i s  f o r  o r b i t a l  t r u n c a t i o n  

and conf igura t ion  s e l e c t i o n  based on energy con t r ibu t ions ,  t h e  one 

p a r t i c l e  b a s i s  should be chosen so t h a t  t h e  wavefunction has  a few impor- 

t a n t  conf igu ra t ions  account ing f o r  a l a r g e  percentage of t h e  wavefunction. 

This  compactness can be important i n  both reducing work and i n t e r p r e t i n g  

t h e  r e s u l t s .  For example, a compact wavefunction would minimize t h e  



t h e  number of r e fe rence  conf igu ra t ions  needed i n  a l l  s i n g l e  and double 

e x c i t a t i o n  C I ,  thus  reducing work while  r e t a i n i n g  accuracy. Also t h e  

appearance of an  a d d i t i o n a l  important conf igu ra t ion  i n  the  C I  wave- 

func t ion  ind ica t e s  which a d d i t i o n a l  terms should be  added t o  t h e  MCSCF 

and/or  t o  t h e  r e fe rence  l i s t ,  from which a l l  s i n g l e  and double e x c i t a t i o n s  

are generated,  i n  o rde r  t o  improve t h e  wavefunction. 

f i g u r a t i o n s  and the  change i n  these  conf igu ra t ions  wi th  geometry can 

a l s o  be usefu l  i n  he lp ing  t o  understand t h e  important  c o r r e l a t i o n  e f f e c t s ,  

thereby leading t o  b e t t e r  chemical understanding. 

wi th  n a t u r a l  o r b i t a l s  has  t h i s  compactness, wh i l e  wavefunctions computed 

from SCF o r b i t a l s  do no t .  I n  gene ra l  n a t u r a l  o r b i t a l s  are not  used t o  

recompute t h e  wavefunction because of t h e  expense involved and one r e s o r t s  

t o  looking a t  t h e  n a t u r a l  o r b i t a l s  and t h e  n a t u r a l  occupation numbers t o  

ga in  a b e t t e r  understanding of t h e  system. 

The important con- 

C I  wavefunctions computed 

In  t h e  l i g h t  of t h e  b e n e f i t s  of n a t u r a l  o r b i t a l s ,  i t  appears  worth- 
- 
3 whi le  t o  compare NO's with  SCF and r e l a t e d  o r b i t a l s .  

ou t  t h a t  the NO's with  s m a l l  occupation numbers ( i .e. ,  those  corresponding 

t o  SCF v i r tua l  o r b i t a l s )  l i e  i n  t h e  same reg ion  of space as t h e  occupied 

o r b i t a l s .  The SCF v i r t u a l  o r b i t a l s  are much more d i f f u s e ,  looking much 

more l i k e  an o r b i t a l  t h a t  an  a d d i t i o n a l  e l e c t r o n  would occupy. 

Goddard o r i g i n a l l y  proposed Improved V i r t u a l  O r b i t a l s  (IVO's) f o r  t h e  

computing of exc i t ed  states,  and s i n c e  then  t h e s e  o r b i t a l s  have been used 

f o r  C I  c a l cu la t ions .  These o r b t i a l s  look l i k e  e x c i t e d  s ta te  o r b i t a l s ,  and 

Davidson has  poin ted  

Hunt and 

4 

are therefore  more cont rac ted  than  SCF v i r t u a l s ,  bu t  they are n o t  as con- 

t r a c t e d  as N O ' s .  

than SCF v i r t u a l  o r b i t a l s  i n  C I  c a l c u l a t i o n s .  

Cons is ten t  SCF o r b i t a l s  (ICSCF o r b i t a l s )  . A s  w i t h  I V O ' s  t h e s e  o r b i t a l s  are 

T e s t s 5  show t h a t  t h e  I V O ' s  are only s l i g h t l y  more e f f i c i e n t  

Davidson proposed I n t e r n a l l y  

6 
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--- rLvdur;ed .--- with an n-I p o t e n t i a l .  ~ h a v i t t ~  shewed t h a t  t h e  ICSCF 

o r b i t a l s  are only s l i g h t l y  super ior  t o  SCF v i r t u a l  o r b i t a l s .  

While t h e  I V O ' s  and ICSCF o r b i t a l s  r ep resen t  an improvement over 

The SCF v i r t u a l  o r b i t a l s ,  they are by no means as e f f e c t i v e  as NO'S. 

reason is  t h a t  t h e  v i r t u a l  o r b i t a l s  are s t i l l  too  d i f f u s e .  I n  t h e  MVO 

scheme, after t h e  a l l  e l e c t r o n  SCF o r  MCSCF c a l c u l a t i o n  is converged, 

a l l  valence e l e c t r o n s  are excluded and t h e  Fock ope ra to r  f o r  t h e  core  

e l e c t r o n s  is  constructed.  This  i s  transformed t o  a Fock ma t r ix  over  

molecular o r b i t a l s  us ing  t h e  converged o r b i t a l s  from t h e  SCF o r  MCSCF. 

The subspace corresponding t o  t h e  v i r t u a l  o r b i t a l s  i n  t h e  a l l  e l e c t r o n  

c a l c u l a t i o n  i s  then diagonal ized.  These new v i r t u a l  o r b i t a l s  are c a l l e d  

Modified V i r t u a l  O r b i t a l s  (NO'S).  This  procedure does no t  m i x  occupied 

and v i r t u a l  o r b i t a l s .  Since t h e  core e l e c t r o n s  are r e t a i n e d  i n  t h e  MVO 

s t e p ,  t h e  h ighes t  v i r t u a l  o r b i t a l s  should correspond t o  t h e  co re  co r re l a -  

t i n g  func t ions  (provided such func t ions  are i n  t h e  b a s i s  set). 

t h e  valence e l e c t r o n s ,  t h e  l o w e s t v i r t u a l s  should be  drawn i n t o  t h e  

va lence  reg ion  and should be s u i t a b l e  f o r  c o r r e l a t i n g  t h e  valence orb i -  

ta ls .  

ICSCF wi th  t h e  except ion t h a t  t he  number of e l e c t r o n s  removed i s  g r e a t e r .  

Rather than d e l e t i n g  e l ec t rons ,  an a l t e r n a t i v e  technique would be t o  

recompute t h e  one e l e c t r o n  i n t e g r a l s  w i th  an  increased  nuc lea r  charge f o r  

a l l  t h e  nuc le i .  Then t h e  a l l  e l ec t ron  Fock ope ra to r  could be cons t ruc ted  

and t h e  v i r t u a l  subspace diagonalized. 

Without 

It should be noted t h a t  t h i s  procedure i s  similar t o  I V O  and 

This  process  should be very  

similar t o  t h e  e l imina t ion  of valence e l e c t r o n s .  

I n  t h e  c a l c u l a t i o n s  repor ted  he re ,  a l l  t h e  va lence  e l e c t r o n s  w e r e  

removed i n  t h e  MVO s t e p ;  however, one can e a s i l y  imagine a case where 

t h e s e  MVO's might become t o o  contracted.  

atom, where the  3s ,  3p, 3d, and 4s e l e c t r o n s  were t o  be c o r r e l a t e d .  I f  

Consider t h e  case of a Cu 
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all 19 electrons were deleted, the lowest d virtual orbital might 

contain too much of the most contracted d basis function which was 

added only to get the cusp correct. In this case, if fewer than 19 

electrons were deleted the problem should be corrected. Thus with a 

little experience one should be able to determine the optimum number 

of electrons to be deleted for each case. 

11. Test Calculations on CH2, H20, and Ar 

7 All calculations were performed using MOLECULE-Noname - SHI-CI . 
The basis sets were all of double zeta plus polarization (DZP) quality. 

For carbon, oxygen and hydrogen, we used Dunnings contraction8 of the 

Huzinaga primitive set9, with oxygen and carbon (9s5p/4s2p) and 

hydrogen (4s/2s) (with scale factor of 1.2). For Argon the primitive 

set of Veillard" contracted (6111111/51111) yielding (12s9p/7s5p) was 

used. A set of polarization functions was added to each atom: d's to 

carbon, oxygen and argon and p's to hydrogen. The exponents were 0.75 

(c), 1.0 (O), 1.0 (Ar) and 1.0 (HI. 

The geometry for H20 was 8 = 104.5' and R(0-H) = 1.81 a.u., 

for the 'A1 state of CH2, 6 = 102.4' and R(C-H) = 2.11 a.u., and 

for the 3B1 state of CH2, 8 = 132.4' and R(C-H) = 2.045 a.u. 
1 

H20( All, Single configuration SCF calculations were run for 

3 1 and CH2( B1) Ar( S), while a two configuration MCSCF was run for 
1 CH2( A1). The configurations are: 
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H2° 

CH2 

A r  

CH2 

2 2 2 2 2  la, 2a, 3a, l b l  l b ,  
. A L A  L 

2 2 1 1 2  lal  2al 3a 1 lb l  l b 2  

1s 2 2  2s 2p6 3s 2 6  3p 

c1 l a  2 2 2 2  2a 3a l b 2  + c2 lal  2 2 2 2  2al l b  lb2 .  
1 1 1  1 

The C I  expansions cons is ted  of a l l  s i n g l e  and double replacements 

from t h e  r e fe rence  conf igura t ion  ( o r  2 r e fe rence  conf igu ra t ions  f o r  

1 
CH2( A1)). I n  a l l  c a l c u l a t i o n s  t h e  core  o r b i t a l s  were f rozen ,  thus  t h e  

lal o r b i t a l  f o r  CH2 and H20 and t h e  Is, 2s ,  and 2p o r b i t a l s  f o r  

A r  

o r b i t a l s  used w e r e  t h e  SCF o r b i t a l s ,  t h e  MVO's and t h e  n a t u r a l  o r b i t a l s  

as determined from t h e  C I  us ing  the  SCF o r b i t a l s .  It w a s  observed t h a t  

w e r e  cons t ra ined  t o  be f u l l y  occupied i n  a l l  conf igu ra t ions .  The 

t h e  

For 

t h e  

f o r  

C I  wavefunction i s  more compact when t h e  MVO's o r  No's are used. 

1 
CH2( A ) 

SCF o r b i t a l  

example, two conf igura t ions  which are important i n  t h e  No and MVO 

t h e  p r i n c i p l e  conf igura t ions  are l i s t e d  i n  Table 1. I n  1 

C I ,  t h e  wavefunction i s  spread  ou t  over several terms; 

These rep resen t  2 2 2 1  2 2 1 2  
2' C I ' s  are lal  2al 3al l b 2  2b: and l a  2al 3al 2b 1 

1 1 l b 2  -+ 2b2 

For t h e  SCF o r b i t a l  C I ,  i t  w a s  found t h a t  

e x c i t a t i o n s ,  r e l a t i v e  t o  the  f i r s t  r e f e rence  conf igu ra t ion  of 

and 1h2 -+ 2h2, r e spec t ive ly .  2 2 

l b 2  2 + 2b2, 2 lb; -+ 2b23b2, 1 1  l b 2  2 + 3b2, 2 lb; -+ 2b:4biy l b i  -+ 3bi4b: and 

lb; + 4b2 2 are of approximately equal  importance i n  desc r ib ing  b2 t o  

b c o r r e l a t i o n .  2 

When t h e  n a t u r a l  o r b i t a l s  were computed f o r  t h e  CI(SD) us ing  MVO's, 

i t  w a s  observed t h a t  t h e  low lying MVO's are very  similar t o  t h e  low 

l y i n g  No's, whi le  t h e  higher  No's represented  l i n e a r  combinations of 

h ighe r  MVO 's. 

-5- 
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111. O r b t i a l  Truncation 

Since the  Mvo's g ive  a compact C I  wavefunction, w e  t r i e d  d e l e t i n g  

t h e  h ighes t  v i r t u a l  o r b i t a l s  from t h e  C I .  W e  de l e t ed  1, 3, 5, 7, 9 ,  11, 

13, and 15 o r b i t a l s  from H20 and CH2 and r e r a n  t h e  CI(SD). ?his 

choice  of o r b i t a l s  i s  very  a r b i t r a r y  and on several occasions w e  were 

forced  t o  choose between two o r b i t a l s  w i th  almost i d e n t i c a l  e igenvalue 

(MVO o r  SCF o r b i t a l s )  o r  occupat ion number (No's). I n  some cases t h e  

choice of which o r b i t a l  t o  d e l e t e  d i f f e r e d  f o r  SCF o r b i t a l s ,  Mvo's o r  

m's.  This a c t u a l l y  makes t h e  comparision more exaggerated than  necessary ,  

s i n c e  i n  a practical c a l c u l a t i o n  it i s  most l i k e l y  t h a t  e i t h e r  both 

o r b i t a l s  would be included o r  both excluded. 

The ca l cu la t ions  i n  Table I1 show t h e  r e s u l t s  f o r  water. I n  t h i s  

case t h e  o r b i t a l s  were de le t ed  based on SCF v i r t u a l  o r b i t a l  e igenvalues .  

This  s impl i f i ed  t h e  c a l c u l a t i o n  and t h e  r e s u l t s  f o r  show a maximum 

d i f f e r e n c e  of 6 mh i n  t o t a l  energy between, d e l e t i n g  a l l  o r b i t a l s  

based on SCF eigenvalues  and t h e  case where NO'S are de le t ed  based on 

n a t u r a l  o r b i t a l  occupation number, MVO's are d e l e t e d  based on eigenvalue 

of t h e  MvD's i n  t h e  MVO s t e p ,  and SCF o r b i t a l s  are  de le t ed  on t h e  b a s i s  

of SCF eigenvalue.  For water t h e  o r b i t a l s  t e s t e d  were SCF, MVO and NO. 

Since t h e  idea of MVO's is e s s e n t i a l l y  t o  use v i r t u a l  o r b i t a l s  ob ta ined  

from a highly p o s i t i v e  ion ,  we a l s o  computed several p o s i t i v e  i o n s  and 

d i -pos i t i ve  ions and used these  v i r t u a l  o r b i t a l s  wi th  t h e  occupied 

o r b i t a l s  from t h e  SCF. W e  should n o t e  t h a t  t h e  v i r t u a l  o r b i t a l s  taken 

CH2 

from t h e  p o s i t i v e  ion  should be very similar t o  t h e  I V O ' s  of Hunt and 

Goddard . 
work as MVO's. 

t ive  ions  with t h e  same charge and two r e p r e s e n t a t i v e  ones are used i n  

Table 11. 

4 'Jhis al lows a comparison wi th  a n  a l t e r n a t i v e  r e q u i r i n g  as much 

The r e s u l t s  are very  similar f o r  a l l  t h e  d i f f e r e n t  posi-  

-6- 



Table 111 presents t h e  cozparison of orb i ta l .  t r u n c a t i o n  f o r  thz t w  

states of CH2. 

f o r  each c a l c u l a t i o n .  

b igger  than  wi th  

over  t he  SCF o r b i t a l s .  

I n  t h e s e  ca l cu la t ions  t h e  o r b i t a l s  were d e l e t e d  s e p a r a t e l y  

The d i f f e rence  between No's and MVO's i s  s l i g h t l y  

H 0, bu t  t h e  MVO's s t i l l  r ep resen t  a l a r g e  improvement 2 

In  a l l  cases t h e  MVO's  are super ior  t o  SCF o r b i t a l s .  lhe I V O ' s  and 

v i r t u a l s  coming from a d i -pos i t ive  ion  are only a l i t t l e  b e t t e r  than  t h e  

SCF o r b i t a l s  and are f a r  worse than t h e  MVO's. 

l a r g e  charge is  needed t o  con t r ac t  t h e  o r b i t a l s  i n  o rde r  t o  make 

them s u i t e d  f o r  t h e  c o r r e l a t i o n  of t h e  valence o r b i t a l s .  

It i s  clear t h a t  a f a i r l y  

I V .  Energy Se lec t ion  of Configurations 

I n  t h e s e  c a l c u l a t i o n s  w e  used a cumulative % s e l e c t i o n  procedure 

( f o r  a d e s c r i p t i o n  of t h i s  procedure, see r e f .  11 and ref. 12 ) .  The 

r e s u l t s  f o r  A r  and CH2 are summarized i n  Table I V .  The f i r s t  t h i n g  

w e  should n o t e  is  t h a t  t h e  number of  con f igu ra t ions  wi th  energy contr ibu-  

t i o n  g r e a t e r  than 0.001 is  g r e a t e r  f o r  MVO's than f o r  No's and t h e  l a r g e s t  

energy con t r ibu t ions  are l a r g e r  for  MVO's. I f  normal s e l e c t i o n  procedures  

are followed f o r  MVO's, w e  f i n d  the number of conf igu ra t ions  is  about  t h e  

same as t h a t  f o r  No's, bu t  t h e  error i s  l a r g e r  than  t h a t  f o r  SCF o r b i t a l s .  

I f  t h e  threshold  i s  reduced by 30 percent  t h e  number of conf igu ra t ions  is  

about  t h e  same as t h a t  f o r  SCF o r b i t a l s  and t h e  accuracy i s  about t h e  same 

as f o r  SCF o r b i t a l s .  We no t i ced  t h a t  f o r  CH2 ( B1) lowering t h e  th re sho ld  

by 30 percent  s t i l l  l e f t  t h e  MVO s e l e c t i o n  e r r o r  g r e a t e r  than  t h a t  f o r  t h e  

SCF o r b i t a l s .  We i n v e s t i g a t e d  t h i s  and found two a d d i t i o n a l  conf igu ra t ions  

w i t h  l a r g e  energy con t r ibu t ions  i n  t h e  Ak(k=l) s t e p .  While t h e s e  con- 

f i g u r a t i o n s  were n o t  s o  important t h a t  they  need be added t o  t h e  r e fe rence  

3 

- 7- 



list, they were important enough to be added to the k at the selection 

step. 

the selection was now based on three configurations. 

Thus the total number of unselected configurations remained unchanged, 

The added configurations 

were : 

2 2 2  1 1  2 2  lb2 lbl 3a (2al+4al , rela lal 4al 1 iv t th r feren 

la' 1 1  2aL 2b; lb; 3a; (lbi+ 2b2) relative to the reference). 

We find that while the number of selected configurations remains the same, 

the error has been reduced. 

It appears that a slightly different selection procedure is 

needed f o r  MVO orbitals, requiring both a reduction of the cumulative 

threshold and increase in the k. Nevertheless, the same accuracy as 

with SCF or NO'S can be obtained, while still retaining the compact 

wavef unct ion of MVO ' s . 

V. Conclusion 

A simple method was presented to compute Modified Virtual Orbitals. 

It was shown that the wavefunction is much more compact when MVO's are 

used, than with SCF virtual orbitals. 

obtained by natural orbitals, but unlike natural orbitals, it requires 

little extra work. 

standard CI calculations where the compactness can lead to greater under- 

standing . 

?his compactness is similar to that 

'Ihis compactness makes MVO's highly desirable for 

- 8- 



The MVO's are found to be much more effective than SCF orbitals for 

the deleting of orbitals at the CI level, but not as effective as natural 

orbitals. 

The MVO's are shown to require a slightly different procedure for 

the selection of configurations based on energy contributions. 

of work and accuracy is found to be about the same for MVO's and SCF 

orbitals (being somewhat more than No's). 

more desirable because of the compactness of the wavefunction. 

The amount 

?he MVO's are probably still 

-9- 
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Table I. P r i n c i p l e  conf igura t ions  i n  the  CI(SD) wave- 

func t ion  f o r  t h e  'A1 s ta te  of CH2. L i s t e d  

are those  conf igura t ions  wi th  a c o e f f i c i e n t  

g r e a t e r  than 0.05 i n  any of t he  C I  wavefunctions. 

Configurat ions 1 and 2 are t h e  r e fe rence  con- 

f i g u r a t i o n s .  

Configurat ion SCF 

0.95- \ 2 2 2 2  l a  2al 3al l b 2  1 

2 2 2 2  
1 l a  2a l b 2  l b  1 1  

2 2 2 2  lal 2al 3al 2b2 

lal 2a 3a l b 2  2b 1 1  

2 2 2 2  l a  3al 4al l b 2  1 

-0.1868 

-0.0266 

0.0272 2 

-0.0240 

ORBITALS 

MVO - 

0.9584 

-0.1868 

-0.0614 

0.0662 

-0.0564 

No - 

0.9574 

-0.1923 

-0.0618 

-0.0569 

-0.0450 
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Table 11. CI energies for 'A1 state of H20 
as a function of number of deleted 
orbitals. 

TYPE OF ORBITALS 

No - SCF - SCF - SCF Occupied - 
virtual SCF H20f 2A1 H20* a MVO - 

N O  -76.246649 -76.246649 -76.246649 -76.246649 -76.246649 

m 1  -76.246564 -76.246564 -76.246565 -76.246624 -76.246367 
b 
e 3  -76.232993 -76.233826 -76.235112 -76.244063 -76.246006 
r 

5 -76.219759 -76.221539 -76.224091 -76.241001 -76.243613 

f 7  -76.203449 -76.206189 -76.210073 -76.236529 -76.239548 

d 9  -76.186126 -76.189373 -76.193892 -76.229874 -76.235599 

11 -76.174051 -76.176828 -76.180652 -76.209471 -76.215215 

13 -76.158282 -76.160395 -76.163246 -76.190544 -76.194501 

15 -76.122671 -76.129099 -76.138155 -76.176354 -76.179828 

U 

0 

e 

e 

e 

0 
r 
b 
i 
t 
a a  2 2 2 2  configuration lal 2a lbl lb2 1 1 
S 

-12- 



w 
0 

h 
M 
k 

Q 

H u 
aJ 

2 

2 
g 
-d 
U 
(d 
L) 

k 
U 

d 
(d 
U 
d 
P 
k 
0 

w 
0 

VI 
U 
U 
Q w 
w 
Q 

; 
H 
H 
H 

Q 
rl 
n 
8 

i3 

E 

crr u 
v3 

i3 

E 

crr u 
v3 

VI 
rl lu 
U 
d 

0 
e 

m 
rn 
U 
rl 
V 
0 
m m 
I 

m co 
V 
rl 
U 
0 
Q\ m 
I 

m co 
U 
rl 
U 
0 
m m 
I 

cr) m 
0 
0 
N 
0 
m m 

I 

N 
U 
rl 
0 
N 
0 

m m 
I 

hl 
U 
rl 
0 
N 
0 

m m 
I 

0 

U m 
0 
0 
N 
0 
m m 
I 

m 
rl 
rl 
0 
N 
0 

m m 
I 

N 
rl 
rl 
0 
N 
0 

m m 
I 

rl 

hl m co 
0 
U 
0 
m m 
I 

co 
00 co m m 
0 

m m 
I 

co 
U 
03 
h m 
0 

m 
I 

m 

U co 
rn m 
rl 
0 
m m 
I 

rl 
rl 
03 
h 
rl 
0 
m m 
I 

U 
V 
\o 
rn 
rl 
0 

m m 
I 

m 

m 
U m m m 
0 

m m 
I 

h 
h 
rl 
h m 
0 
m m 
I 

0 
rn 
U m m 
0 
m m 
I 

h 
U m 
h 
rl 
0 
m m 
I 

\o 
rl 
h 
U 
rl 
0 

m m 
I 

rn 
\o m 
0 
rl 
0 
m m 
I 

rn 

\o 
h 
\o 
\o m 
0 

m m 
I 

rl 
h 
V m m 
0 
m m 
I 

\o 
N 
h 
03 
N 
0 

m m 
I 

b 
N co 
U 
rl 
0 
QI m 
I 

m 
N 
U 
rl 
rl 
0 

m m 
I 

m 
U co 
h 
0 
0 
m m 

I 

R 

m 
U 
0 m m 
0 
m m 
I 

m 
h 
rl 
h 
N 
0 
m m 

I 

m 
0 
\o 
0 
N 
0 
m m 
I 

N m 
N 
rl 
d 
0 

m m 
I 

m m 
0 
U 
0 
0 
m m 
I 

co 
N 
rn 
h m m 
co m 

I 

m 

U m 
h 
\o 
hl 
0 

m m 
I 

m 
U m 
0 
N 
0 
m m 
I 

U 
0 
h 
rn 
0 
0 
m m 
I 

U 
\o 
U 
h 
0 
0 

m m 
I 

\o co m co m 
m 
a3 m 
I 

co m 
rn 
U m m 
43 m 
I 

rl 
rl 

hl 
00 
\o m 
rl 
0 
m m 
I 

m 
rl m 
0 
rl 
0 
m m 
I 

m 
0 
rn 
rl m 

co m 
I 

m 

\o 
rn 
rl 
0 
0 
0 
Q\ m 
I 

rl 
N 
rl 
b co m 
00 m 
I 

m 
\o 
h co 
\o m 
co 
m 

I 

m 
rl 

co m 
I 

rl 
rn 
h 
m m m 
m m 
I 

m 

00 m 
I 

V 
0 
hl 
U 
00 m 
co m 
I 

\o 
U m m 
h m 
00 m 
I 

h 
m 
\o 
h 
U m 
a3 
m 
I 

m 
rl 

Z l B P a J k  o w  

-13- 



rl 
Q) 

h 
M 
& 
Q) c 
Q) 

w 
0 

m 

5 

!3 

m 
rl 
& 
lu a 

V 

j 
H 

Q) 
rl 
P 
d 

~ 

-2 
U 
rl 

N 
rl 
N 

m 
0 
N 
W 
m m 
W 
N m 
I 

e 
6 
0 

rl 

h 
b 
U 

m 
0 
\D 
b 
m m 
W 
N m 
I 

E 
rl 

~~ 

s 
6 
rl 

I+ 

W 
hl 
hl 

U 
\D 
U 
\D 
m m 
\D 
N m 
I 

c 
6 
h 

0 

b 
I- 
U 

m 
0 
\D 
I- 
m m 
UJ 
N m 
I 

E 
rl 

~~ 

c a 
I- 

O 

m 
rl 
N 

\D m 
u) 
\D 
m 
m 
\D 
hl 
m 
I 

c 
6 
0 
rl 

b 
b 
U 

U 
hl 
U 
I- 
m m 
UJ 
hl m 
I 

8 
rl 

c 
6 

UJ 

rl 

co 
u) 
m 

m 
rl m 
00 
rl 
0 
m 
m 
I 

c 
0 

rl 

a 

N 
0 
N 
rl 

N 
U 
rl 
0 
hl 
0 
m 
m 
I 

Fr 
V cn 
N 

n 

2 
rlW 

F2 
N 

c a 
m 
rl 

U 
rl m 

co m 
hl co 
0 
rl 

m 
m 
I 

c 
0 
rl 

a 

N m 
N 
rl 

N 
U 
rl 
0 
N 
0 
m 
m 
I 

K 
hl 

c a 

rl 

rl 
u) m 

hl 
UJ 
UJ co 
0 
rl 

m 
m 
I 

c a 
h 

0 

N 
m 
hl 
rl 

hl 
U 
rl 
0 
N 
0 

m 
m 
I 

!2 
N 

- 

c 
6 
m 
rl 

U m m 

4 
hl 
h 
03 
0 
rl 

m 
m 
I 

4 
0 

rl 

N 
m 
N 
rl 

m m 
0 
0 
N 
0 
m 
m 
I 

52 
N 

s a 
m 
rl 

0 
N co 

b 
UJ m m m 
0 
m m 
I 

c 
6 
0 

rl 

UJ 
m co 
rl 

m 
03 
U 
rl 
U 
0 
m 
m 
I 

k 
V 
m 
rl 

n 

F9 
rl 

m 
W 

hl 

F2 

c 
6 
m 
rl 

m 
m 
I- 

h 
m m m 
m 
0 

m 
m 
I 

c 
0 

rl 

a 

u) 
m co 
rl 

m 
a3 
U 
rl 
U 
0 
m 
m 
I 

E 
rl 

c 
UJ 

rl 

a 

h m 
h 

0 
03 
00 m m 
0 
m m 
I 

c 
6 
h 

0 

\o 
m co 
rl 

m co 
U 
rl 
U 
0 
m 
m 
I 

iz 
rl 

c 
m 
rl 

a 

h 
rl 
b 

m 
UJ m m 
m 
0 
m 
m 

I 

c 
6 
0 

rl 

\D 
.m 
m 
rl 

m m 
.;r 
rl 
U 
0 
m 
m 
I 

52 
rl 

c 
6 
b 

rl 

h m 
b 

b 
UJ 
I- 
m 
m 
0 
m 
m 
I 

c 
6 
0 
rl 

a m 
09 
rl 

m 
00 
U 
rl 
U 
0 

m 
m 
I 

K 
m 

c 
6 
U 
4 

UJ m 
h 

03 
UJ 
0 
0 
U 
0 
m 
m 
I 

c 
6 
I- 

0 

u) 
m 
03 
rl 

m co 
U 
rl 
U 
0 
m 
m 
I 

E 
m 


